Potato branching enzyme, a key enzyme in the biosynthesis of starch, was localized in amyloplasts in starch-storage cells of potato (Solanum tuberosum 1.) with the use of immunogold electron microscopy. Branching enzyme was found in the amyloplast stroma, concentrated at the interface of the stroma and the surface of the starch granule. ADP-glucose pyrophosphorylase, a key regulatory enzyme in starch synthesis, was localized for comparison to exclude possible artifacts. ADP-glucose pyrophosphorylase, in contrast with branching enzyme, proved to be evenly distributed throughout the stroma. Branching enzyme also appears to be present in a membrane-bounded inclusion body in the stroma, whereas ADP-glucose pyrophosphorylase is not. The presence of branching enzyme predominantly at the surface of the starch granule indicates that branching takes place at that surface and not throughout the amyloplast stroma.
The synthesis of amylose and amylopectin is mediated by three important enzymes. ADP-glucose pyrophosphorylase (EC 2.7.7.27 ) is an important regulatory enzyme (Preiss, 1988 ) that provides the starch-synthesizing enzymes with ADP-glucose, the major glucose donor. Starch synthase (EC 2.4.1.21) catalyzes the formation of linear a-1,4-glucan chains by transferring a glucose unit from ADP-glucose to the nonreducing end of an a-glucan chain via an a-1,4 bond and is present in two forms: a granule-bound starch synthase and a soluble starch synthase. Finally, branching enzyme (EC 2.4.1.18) is capable of hydrolyzing an a-1,4 bond inside a glucan chain and subsequently linking the severed segment to an acceptor chain via an a-1,6 bond (Barker et al., 1950; Borovsky et al., 1976) . In this way, amylopectin is formed, and new nonreducing ends are created where further chain elongation can occur.
The formation of amylose is strictly dependent on the presence of the granule-bound starch synthase (Vos-Scheperkeuter et al., 1986; Hovenkamp-Hermelink et al., 1987; Van der Leij et al., 1991) . The absencr of this enzyme results in amylose-free starch, although the synthesis and ultrastructure of the amylopectin appears unaltered. Evidently, the synthesis of amylose is not a prerequisite for the formation of amylopectin, and, thus, the two pathways must be separate.
In vitro experiments have shown, however, that the granule-bound starch synthase can elongate amylose and amylopectin (Leloir et al., 1961; Baba et al., 1987; Ponstein, 1990) , whereas branching enzyme is capable of transferring fragments of amylose chains to amylopectin molecules (Ponstein, 1990) . Hence, under laboratory conditions, the two pathways are not strictly separated. The question remains, therefore, how in vivo amylose can exist in the presence of branching enzyme. One of the possible solutions would be that the newly formed amylose, synthesized by the granule-bound starch synthase, is spatially separated from branching enzyme. This possibility can be tested by immunolocalizing granule-bound starch synthase and branching enzyme at a subcellular level.
In this article, we report the localization of branching enzyme in potato tuber (Solanum tuberosum L.) amyloplasts, using the localization of ADP-glucose pyrophosphorylase as a control. The approach we chose for localization is immunogold EM because this technique enables us to differentiate among locations inside the starch granule, at the surface of the starch granule, and in the plastid stroma.
MATERIAL A N D METHODS

Material
Potato tubers , grown under greenhouse conditions, were kindly supplied by F.R. van der Leij and H.
Nijdam from the Department of Genetics, University of Groningen, The Netherlands. For labeling experiments, young developing tubers, weighing approximately 20 g, were used. For western blot analysis, potatoes (Solanum tuberosum L., cv Gloria) obtained from a local market were used. The sources of the supplies used were as follows: Epon and glutaraldehyde (for microscopy, 50% in water), Fluka Chemie AG (Buchs, Switzerland); osmium tetroxide (Osmiumoxyde VI11 for microscopy) and gelatin, Merck (Darmstadt, Germany); Lowicryl K4M, Agar Scientific (Stansted, England); BSA, Sigma Chemical Co. (St. Louis, MO); 10-nm protein-A gold, Amersham International (UK); Tween 20 (polyoxyethylenesorbitan monolaurate 20) and goat anti-rabbit alkaline phosphatase, Bio-Rad.
Specimen Preparation
For conventional embedding in Epon, fresh potato tubers were cut into l-mm3 cubes and fixed in 2% (v/v) glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 2 h at room temperature, postfixed in 1% (w/v) osmium tetroxide I This work was supported by the Netherlands Technology Foun-Plant Physiol. Vol. 101, 1993 for 1 h at 4°C in the same buffer, and dehydrated in a graded series of ethanol. After the samples were rinsed for 5 min in 1,2-epoxypropane, they were infiltrated with mixtures of 1,2-epoxypropane and Epon (made according to the hardest mixture as described by Luft [1961] ) as follows: 8 h in a 3:1 (v/v) mixture of 1,2-epoxypropane and Epon, overnight in a 1:1 mixture, 8 h in a 1:3 mixture followed by 1 h, and overnight infiltration of pure Epon. After the samples were polymerized for 2 d at 70°C, silver-colored sections (approximately 90 nm) were cut with a diamond knife, mounted on copper grids covered with a carbon-coated Formvar film, stained with 2% (w/v) aqueous uranyl acetate and Reynolds' lead citrate (Reynolds, 1963) , and examined in a Philips EM 201 electron microscope at 60 kV.
For immunolocalization, tissue cubes of fresh potato tubers were fixed in 2% (v/v) glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4) overnight at 4°C and dehydrated in a graded series of ethanol under progressive lowering of the temperature (Carlemalm et al., 1982) . The procedure we used was as follows: 30% (v/v) ethanol at 0°C, 50% ethanol at 0°C, 70% ethanol at -20°C, 85% ethanol at -30°C, 96% ethanol at -30°C (30 min each), and two times (60 min each time) in 100% ethanol at -30°C. The tissue was subsequently infiltrated with mixtures of Lowicryl K4M and 100% ethanol, as described for Epon, flat embedded, and polymerized via UV illumination for 2 d at -30°C and 2 d at room temperature. Gold-colored thin sections (approximately 150 nm) were cut with a diamond knife and mounted on nickel grids covered with a carbon-coated Formvar film.
SDS-PAGE and Immunoblotting
Crude potato extract was made by homogenizing potato tissue in an equal volume of 50 mM Tris-HCl (pH 7.5) containing 0.1% Na 2 S 2 Os. After the extract was centrifuged (5 min, 10,000g), the supernatant was used as a source of soluble proteins. Samples (containing 50 /tg of protein) were analyzed on a 10% SDS-polyacrylamide gel and transferred to nitrocellulose. The blot was probed with 1000-fold diluted anti-native spinach leaf ADP-glucose pyrophosphorylase or the corresponding preimmune serum (J. Preiss, Department of Biochemistry, Michigan State University), and bound antibodies were detected by goat anti-rabbit alkaline phosphatase. The molecular weight markers were myosin (205,000), /3-galactosidase (116,000), phosphorylase (97,400), bovine albumin (66,000), egg albumin (45,000), and carbonic anhydrase (29,000).
Immunogold Labeling
For the localization of branching enzyme, polyclonal antibodies raised against denatured potato branching enzyme were used (Vos-Scheperkeuter et al., 1989) . ADP-glucose pyrophosphorylase was localized using polyclonal antibodies raised against native spinach leaf ADP-glucose pyrophosphorylase (see above). For immunolocalization, total serum and the corresponding preimmune serum (control) were diluted 50-fold in PBGT. First, free aldehyde groups were blocked by floating the grids on droplets of PBS (8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 3 mM KC1, and 0.5 M NaCl [pH 7.4]) supplemented with 50 mM glycine. Nonspecific binding sites for protein were saturated with PBGT. Grids were subsequently incubated overnight at 4°C on 20-jtL droplets of antiserum diluted in PBGT. To minimize contamination of the grids, buffer solutions were filtered directly before use (Schleicher & Schuell, 0.45 nm, white rim). After the grids were washed on droplets of PBGT, they were incubated for 1 h at room temperature on 20-juL droplets of 10-nm protein-A gold, diluted 50-fold in PBGT. Finally, the grids were washed on PBGT and double-distilled water, air dried, and stained with 2% aqueous uranyl acetate for 15 min. Control experiments with preimmune serum, omission of the antiserum, and comparison of different sera were done in parallel.
RESULTS
Potato amyloplasts usually consist of only one starch granule surrounded by a thin layer of stroma and two amyloplast membranes (Fig. 1) . In the stroma, in addition to the starch granule, other structures can be found, such as clusters of phytoferritin molecules, membranous structures, or a membrane-bounded inclusion body (Marines, 1967; Thomson and Whatley, 1980) . These structures are found in the same area of the stroma and are easily distinguished. The dark bands in the starch granule in Figure 1 are folds, characteristic for starch in ultra thin sections (Gallant and Guilbot, 1971) . For immunolabeling tissue embedded in Lowicryl K4M was used.
The preservation of the ultrastructure of starch-storage cells was reasonably good, although membranes were poorly preserved and the starch inside the sections was easily detached from the surrounding tissue. The latter problem could be largely avoided when slightly thicker sections were cut, e.g. gold-to purple-colored sections (approximately 150 nm). At best, the larger starch granules inside the sections were only partly detached and their growth rings still visible. The preimmune control of anti-branching enzyme showed a low background labeling, which was randomly distributed over the section (results not shown). Labeling with antibranching enzyme was specific and confined to the amyloplast stroma. Label was concentrated around the starch granule and in the membrane-bounded inclusion body (Fig. 2, A  and B) . The density of the label surrounding the starch granule varied greatly, even within one amyloplast. Gold particles could be found at the exact interface of stroma and starch (Fig. 2C) or could show an apparently wider distribution as seen in Figure 2D . In Figure 2B , however, hardly any label is present at the starch-stroma interface. As already mentioned above, the starch in ultrathin sections has a strong tendency to detach from its surrounding stroma. Stereomicrographs showed that the label was associated exactly with that part of the stroma that was formerly attached to the starch granule, a surface perpendicular to the original section surface. This suggests that branching enzyme is concentrated at the interface of the starch granule and stroma. However, a concentration of label at that interface could also be an artifact due to the detachment of starch. Therefore, to check whether a concentration of label at the starch-stroma interface was indeed specific for branching enzyme, we localized ADP-glucose pyrophosphorylase for comparison.
ADP-glucose pyrophosphorylase was known to be located exclusively in the amyloplasts in potato tubers (Kirn et al., 1989 ) and the labeling pattern on a light-microscopic level indicated that it was probably abundant in the amyloplast stroma. Figure 3 shows a western blot analysis of a crude potato extract probed with anti-native spinach leaf ADPglucose pyrophosphorylase. The antiserum reacts strongly with the 50-kD subunit of potato ADP-glucose pyrophosphorylase, whereas the preimmune serum shows no reaction. On ultrathin sections, the preimmune control of ADP-glucose pyrophosphorylase showed a low background labeling, although a relatively high background was found inside the starch granule (results not shown). Labeling with antiserum resulted in specific labeling in the stroma, but hardly any label could be found in the membrane-bounded inclusion body (Fig. 4A) . Labeling inside the starch granule was comparable to the preimmune control and is, therefore, probably not specific. The distribution of label on sections incubated with anti-ADP-glucose pyrophosphorylase is clearly different from that on sections incubated with anti-branching enzyme. Label is evenly distributed in the stroma and not concentrated at the starch-stroma interface (Fig. 4 , B and C). Labeling patterns like those seen with anti-branching enzyme were never observed with anti-ADP-glucose pyrophosphorylase.
From this result we conclude that a concentration of label surrounding the starch granule is specific for anti-branching enzyme.
DISCUSSION
In this paper, the localization of branching enzyme in amyloplasts of starch-storage cells of potato is described. Immunolocalization using anti-branching enzyme showed label concentrated at the starch-stroma interface and in a membrane-bounded inclusion body in the stroma. Because labeling of the starch-stroma interface coincided with the detachment of starch exactly at that interface, it was suggested that labeling of the interface could be an artifact and not specific for anti-branching enzyme. However, labeling with anti-ADP-glucose pyrophosphorylase proved otherwise. The labeling patterns for branching enzyme found associated with the starch-stroma interface varied greatly, even within one amyloplast, and seemed to be inconsistent. To understand how these patterns are related, two points have to be considered. First, the immunogold complex cannot penetrate deeper than approximately 5 nm into the resinembedded tissue (Bendayan and Stephens, 1984; Slot et al., 1989) . Therefore, labeling takes place only at a surface, be it the sectioned surface or a surface originating from detachment of cell structures from the section. Second, in sections of potato tuber tissue embedded in Lowicryl K4M, the starch in particular tends to detach from the surrounding stroma. In that case, the surface of the starch granule and that part of the stroma that was attached to the starch granule become accessible for the immunogold label. Stereomicrographs showed that in that case the label for branching enzyme was indeed associated with a surface more or less perpendicular to the original section surface, i.e. the stroma formerly attached to the starch granule. Labeling of the starch-stroma interface is, therefore, dependent on the extent to which the starch detaches from the stroma (Fig. 5) . For a section thickness of 150 nm and a 5-nm penetration depth for the label, up to 30-fold variation in labeling intensity can be expected. The large differences in labeling densities in Figure 2 can thus be explained. The orientation of the interface relative to the section surface depends on whether we observe a (near) central section, as probably is the case in Figure 2C , or a noncentral section, as in Figure 2D .
When the starch had detached, we found label only on the stroma formerly attached to the starch and not on the corresponding surface of the starch granule. This is probably a result of the fixation procedure. Glutaraldehyde cross-links proteins to proteins by their secondary amino groups, and it cannot bind to carbohydrates. Consequently, cross-linking of proteins to carbohydrates does not occur, and all of the branching enzyme is linked to other proteins in the stroma. The fact that starch is not linked to the surrounding stroma is also one of the reasons that detachment can take place.
The number of gold particles present on the starch-stroma interface seems at first small compared to the number present on the inclusion body. From Figure 2 , B and D, an approximate estimate of the ratio of branching enzyme in the inclusion body compared to branching enzyme at the starchstroma interface can be calculated. If it is assumed that label penetrates 5 nm into the section, an inclusion of 1 ^m in diameter would contain an amount of branching enzyme corresponding to approximately 10,000 gold particles. On the total surface of a starch granule of 10 fim in diameter, approximately 50,000 to 100,000 gold particles could be present. This, of course, is an estimate, but it leads us to conclude that branching enzyme is found predominantly at the surface of the starch granule.
Plastids of several plant species are known to contain inclusions (Thomson and Whatley, 1980 can be crystalline or amorphous and are sometimes bounded by a membrane. The inclusion found in potato amyloplasts is more or less spherical and is bounded by one membrane. Although the membrane is not visible in the Lowicryl sections shown, it is obvious in sections of Epon-embedded tissue (not shown). The content of the inclusion is amorphous and shows no ultrastructural features. The function of the inclusion body in potato amyloplasts is not known and the presence of branching enzyme in this structure cannot easily be explained. The inclusion could serve as a storage compartment, containing inactive branching enzyme, or it may actually be involved in starch synthesis. However, we have examined young developing tubers of several potato varieties, and the inclusions were not always present. This and the fact that ADP-glucose pyrophosphorylase is not found in these inclusions suggest that they are not directly involved in the synthesis of starch. The location of most of the branching enzyme on the surface of the starch granule implies that the actual branching takes place predominantly at that surface and not throughout by Badenhuizen and Dutton (Badenhuizen and Dutton, 1956 ), although our interpretation differs from the one they give in their report. They argue that very likely a starch-like substance is formed in the amyloplast that starts to crystallize from solution when a certain concentration has been reached. Our results, in combination with our present knowledge of the ultrastructure of starch, lead to another conclusion. Amylopectin forms the semicrystalline framework of the starch granule (French, 1984) . The highly ordered structure of the amylopectin in the starch granule is seen at different levels of organization. The amylopectin molecules are already ordered in that the branch points are clustered along the molecule (Robin et al., 1974) . These molecules are radially oriented inside the starch granule with their growing, nonreducing ends pointing toward the surface. The glucan chains inside the clusters form double helices, which in turn are arranged in a semicrystalline matrix (Imberty et al., 1991) . This semicrystalline structure is visible in negatively stained fragments (Oostergetel a n d Van Bruggen, 1989) or ultrathin sections of starch (Kassenbeck, 1975) as a fishbone-like structure, which in fact is a superhelical structure (G.T. Oostergetel, submitted for publication). It is difficult, considering all of this, to imagine that such a complex a n d highly ordered structure is formed by precipitation of amylopectin molecules onto the granule surface. It is more likely that the formation of this structure is the direct result of enzymes adding new glucose units to the granule surface and "arranging" them in a n ordered way, facilitating polymerization.
Because branching enzyme is found outside the starch granule, the possibility that the synthesis of amylose and amylopectin are spatially separated is still a n option. In the near future, we also hope to report about the localization of the granule-bound starch synthase.
